We introduce a formalism, Deformation Analysis in Reservoir Space (DARS), to quantitatively predict the degree of compaction and potential for induced faulting in a depleting reservoir. Compaction occurs when the stress state exceeds the end cap (or critical state) of a formation at any given porosity. For reservoirs in which the vertical stress is larger than the two horizontal stresses, there is also a potential to induce normal faulting in a depleting reservoir when the change of minimum horizontal stress, ∆S h , exceeds a critical fraction of ∆P p (the change in formation pressure due to depletion). The stress path defines the change in horizontal stress with depletion (A=∆S h /∆P p ). Utilizing relatively simple laboratory experiments, we transform the end caps from laboratory space into reservoir space (DARS) such that production data can be evaluated directly to study the evolution of the deforming reservoir due to production. Field X in the Gulf of Mexico is examined in the context of the DARS analysis. The analysis shows that the initial state of the reservoir was such that normal faults present in the field were active. However, production-induced normal faulting is not likely to occur. Deformation is dominated by compaction. Our analysis estimates that porosity of the formation was reduced from about 23% to 21%, while the permeability was reduced from about 230md to 50-140md.
Introduction
The deformation mechanisms operative in a depleting reservoir are important to understand for a variety of reasons. While it is well known that depletion can induce marked reductions in porosity (leading to compaction and possibly subsidence), it is desirable to predict the degree of compaction that might accompany depletion, the possible degree of permeability loss and, in some fields, the possibility that production-induced faulting might occur.
In this study we describe a formalism by which it is possible to integrate relatively simple laboratory rock deformation data with the physical state of a reservoir to predict its evolution through time. We refer to this as Deformation Analysis in Reservoir Space (DARS) because it attempts to quantitatively "map", through time, the nature of the deformation fields inferred from laboratory experiments into the parametric space that defines the mechanical state of a reservoir (that is, the in-situ principal stresses and pore pressure).
In the sections below we first provide the theoretical framework for this analysis and then consider a case study in which both laboratory and field data are available that allow us to evaluate the quantitative effects of depletion.
One important component of this analysis is the change in horizontal stress, ∆S h , that accompanies a given amount of depletion, ∆P P , termed the stress path, A. Poroelastic theory is often used for predicting the changes in magnitude of stresses with depletion. For an isotropic, porous and elastic reservoir that is laterally extensive with respect to its thickness (20:1), the following is applicable 1 . where ν is Poisson's ratio and α is the Biot coefficient, α = 1 -K b /K g , where K b is the bulk modulus of the bulk rock and K g is the bulk modulus of the mineral grains. Figure 1 demonstrates how the Biot coefficient, α, and Poisson's ratio, ν, affect the stress path. In practice, however, a depleting reservoir can undergo both elastic and significant inelastic deformation during depletion. Published data on minimum horizontal stress changes with depletion are very limited, the field names on the right hand side of Figure 1 knowing the values of α or ν, it is still possible to identify if induced normal faulting will occur in these selected fields.
As pointed out by Zoback and Zinke 2 , in a normal faulting stress environment (in which the vertical stress, S v is larger than the two horizontal stresses, S Hmax and S hmin ), the reduction of the least principal stress with depletion can induce normal faulting within a reservoir if the stress path exceeds 0.67. The horizontal straight line in Figure 1 We utilize coefficients of friction of µ = 0.6, which is frequently measured in the laboratory for a wide variety of rocks 4 and confirmed by in situ stress measurements 5, 6 . In this case, when µ = 0.6, the stress path at which depletion will eventually lead to normal faulting is about 0.67.
The evolution of stress and pore pressure for a depleting reservoir with a steep stress path can induce normal faulting even if the initial stress state in the formation is not close to shear failure 2 . In fact, anytime A is larger than ~ 0.67, the stress path will eventually intersect the normal faulting failure line. In contrast, if A is smaller than 0.67, the potential of production-induced normal faulting decreases with production (this will be illustrated below). Note that about half of the fields in Figure 1 have an "unstable" stress path implying the potential for production-induced normal faulting. Moreover, some of the stress paths are so high that one must question the applicability of poroelastic theory, because of the likelihood of inelastic deformation. Thus, it is always preferable to determine directly the stress path a reservoir is following, rather than assume poroelastic theory is applicable, although this may be perfectly appropriate in some cases.
Shear Enhanced Compaction and ProductionInduced Normal Faulting
When reservoir rock is subjected to compressive loading, the formation materials will pass through progressive states of deformation when the in-situ stress exceeds a material's failure limits. These limits are quantitative parameters that can be obtained from laboratory experiments. For example, in hydrostatic compression tests, it is straightforward to measure porosity loss with confining pressure. In triaxial tests, the compressive or frictional strength of a given sample can be straightforwardly determined. However, in actual reservoirs (i.e., in "reservoir space'), the in-situ stress state is anisotropic and it is not always clear how to translate laboratory-derived deformation tests into a prediction of mechanical response of a formation.
To address this problem, a theoretical formalism known as a 'Cam-Clay' model 7 is used for describing laboratory deformation data. In this case, the failure envelopes are determined by relatively simple laboratory experiments and are commonly represented in the p-q space ("laboratory space") where p is the mean stress and q is the deviatoric stress. Mathematically, the three principal stresses and the p-q space are related as follow:
( ) ( (4) where P P is the pore pressure and σ = S -P P is the effective stress. J 1 and J 2D are the first and the second invariant of the stress deviations tensor respectively. If the in-situ stress state in the reservoir is within the domain bounded by the failure envelope in p-q space, the formation is not likely to undergo deformation (Point I in Figure 2 ). As reservoir depletion occurs, decreases in pore pressure as a result of production will increase the effective stresses within the reservoir. Once these increasing effective stresses reach a failure surface, deformation will occur. Deformation such as compaction and grain rearrangement (and eventually grain crushing and pore collapse) are the dominant deformation mode when the mean effective stresses are significantly higher than the deviatoric effective stresses. A corresponding decrease in both porosity and permeability 8 is expected. To represent these ductile yielding behaviors of rocks, end caps (or yield caps) are used. These end caps represent the locus of points with the same volumetric plastic strain and their shape depends on the material and the criterion model chosen 7 . The intersection of the yielding locus and the p-axis is defined as p 0 (also known as the preconsolidation pressure) and each end cap has its own unique p 0 that defines the hardening behavior of the rock sample. The value of p 0 can be determined easily from a series of hydrostatic compression tests in which porosity is measured as a function of confining pressure.
The (6) where τ and σ n can be expressed by: By combining Equation (6) to (10) The critical state line is also known in cap models as the fixed yield cap surface that mark the critical state of stress at which shear failure will occur (Fig. 2a) . Shear failure is discussed at greater length below.
During laboratory experiments, the changes in the hardening behavior of the rock sample result in a change in the size of the end cap. The end caps in Figure 2a mark the limit at which no inelastic compaction will occur if the stress state applied to the sample is within the end cap. However, if the sample is stressed beyond the end cap, inelastic compaction will occur and the sample will compact and become stronger. The "hardening" of the sample leads to an expansion of the end cap associated with the decrease in porosity.
While such a yielding surface analysis is widely used in engineering and laboratory experiments, it is obvious the changes in p and q through time may not readily applicable to a producing reservoir. Most in-situ measurements conducted in the reservoir involved the three principal stresses and pore pressure instead. As a result, we need to transform the yielding surface from the laboratory p-q space into the principal stresses-pore pressure space. To perform the transformation, we need to rearrange and express p and q as a function of the three principal stresses and pore pressure (i.e., S Hmax , S hmin , S V , P P , p 0 and M): 
The value of the vertical stress can be easily derived from density logs while M and p 0 can be determined from relatively simple laboratory experiments. For simplicity, we will limit ourselves to normal faulting regions where S hmin is the least principal stress that can be obtained from LOT's and minifracs and, in a normal faulting regime, S Hmax is somewhere between S hmin and S V . Because S V remains constant with depletion and p 0 and M are material parameters, it is possible to project the ellipsoidal yielding surface onto the S hmin -P P domain (which we refer to as reservoir space in this paper). Thus, by combining the shear (Coulomb) failure envelope with the transformed end cap envelopes, a new composite diagram is created for analyzing the degree of compaction that is associated with reservoir depletion (Fig. 2b) and the likelihood that slip will be triggered on pre-existing faults. The evolution of the end caps of any given reservoir rock at different porosities can be used as an indicator of the deformation induced by the increase of the effective stresses due to the decrease in pore pressure during production.
The three stress paths on Fig. 2b represent hypothetical paths a reservoir may experience during depletion. Stress path 1 represents a relatively low ∆S hmin /∆P P ratio. If the reservoir depleted along this path, shear faulting is unlikely to occur but shear-enhanced compaction will take place and be the dominant mechanism of reservoir deformation with a change in porosity from ~40% to ~34%. Such a large change in porosity would likely result in significant compaction and permeability loss. If the stress path of the reservoir is steeper (stress path 2), the stress state in the reservoir will eventually hit the shear failure line and both compaction and normal faulting will be initiated (see discussions below). As depletion continues, the stress state in the reservoir will be controlled by the frictional strength resulting in stress path 3 on Figure 2b .
Deformation Analysis in Reservoir Space (DARS)
There are four essential steps to conduct a DARS analysis in a given reservoir. First, laboratory measurements of porosity and permeability reduction as a function of effective confining pressure are needed. These are straightforward measurements that can even be made on sidewall cores. An accurate and detail study on the rock behavior is essential since the accuracy of the DARS predictions are related to the quality of the laboratory experiments. Second, utilizing Cam-Clay model to extrapolate these data into p-q space (Fig. 2a) and then into reservoir space (Fig. 2b) . Cam-Clay model was used in this study to bridge the laboratory space and the reservoir space because of its simplicity; however, other models can also be used. The different choice will only affect the detailed shape of the yield surfaces in both the laboratory space and the reservoir space. Third, the initial stress state in the reservoir must be estimated or measured. S V can be determined from integration of density logs, S hmin is determined from leak off tests (LOT) or mini-fracs and the initial pore pressure is usually known. It is also important to use LOT's carried out in the same unit as the pore pressure measurements. While it would be advantageous to know the magnitude of all three principal stresses, in the two cases presented below, the exact magnitude of S Hmax is not critical. Finally, the reservoir stress path must be estimated, either using poroelastic theory (as discussed above) or empirical observations as will be done in the two cases considered below. When continuous stress measurements are not available, multi-well measurements can be used for estimating the stress path. However, it is important to examine if sub-compartments exist in the field. This can be determined easily by studying the pore pressure history of the selected wells. If the reservoir has no sub-compartment, the pore pressure measurements through time from all wells should be decreasing continuously at a given datum. In this case, stress measurements from different wells through production can be used for stress path estimation.
Gulf of Mexico Field X
Gulf of Mexico Field X is located on the continental shelf of the Gulf Coast basin off the Texas coast. It is one of the several fields along the Lower Miocene normal growth fault trend. The reservoir is trapped by fault, rolled-over anticline with sand expansion as a result of the growth fault and thinning from the crest to the anticline. The sand is deltaic and has a porosity ranging from 18 to 33%. The discovery well was drilled in 1980 and the field went into production in 1985 with an initial gas column of over 220 m and initial pressure of about 82 MPa.
Minifracs and LOT data were provided to constrain the magnitude of the S hmin while drill-stem tests (DST's) and remote formation tests (RFT's) are available to constrain pore pressure. Pore pressure measurements from most wells in the region were compiled and corrected to a datum and a continuous decrease in P P and the least principal stress can be observed (Fig. 3) . This continuous trend of the pore pressure curve indicates that the reservoir is interconnected and subcompartments are unlikely to be present. The evolution of the S hmin and P P is presented in Figure 4 . As no information about the initial S hmin is available, we projected the empirical stress path back to the original pore pressure and estimate the approximate magnitude of S hmin at initial pore pressure. Notice that the empirical stress path in Field X is lower than the normal faulting line (i.e., a stable stress path), as a result, production seems to stabilize the reservoir with respect to normal faulting. In other words, the initial stress state was one in which normal faults were active, but depletion caused these faults to stabilize.
Laboratory experiments on seven samples collected from the reservoir formation from two different studies were used for determining the stress dependency of porosity and permeability (Fig. 5) . The three circles with different shades are experiments conducted in one study while the squares and triangles are samples tested in another study. At about 50MPa, there is a marked change in the rate of porosity and permeability reduction. We term this a deformation threshold. Such changes are believed to be a result of a change in deformation mode from grain rearrangement to grain crushing and had been reported in other laboratory studies 8, 9 . Figure 5c and 5d are normalized porosity and permeability changes with respect to confining pressure. Although the original porosity of all 7 samples are quite different, Figure 5c shows that their responses to increasing confining pressure in terms of porosity change are quite similar. Note that one of the studies (circles) did not load the sample beyond the deformation threshold. Figure 6 demonstrates how such laboratory studies can be used in the DARS analyses. The porosity changes data are used due to the similarity among the compacting behavior of the samples. Figure 6a and b are porosity changes (or compaction) and porosity predicted from DARS based on the relationship shown in Figure 5c . Unlike Valhall, where production-induced normal faulting appears to occur as a result of high stress path, A=0. 9 2 , the relatively low stress path in GOM Field X implies that shear-enhanced compaction will be the dominating deformation mode and production-induced normal faulting is unlikely to occur. Note that the current stress condition in the reservoir is beyond the deformation threshold of the formation. It is therefore important to carefully examine how the sample deformed beyond the threshold in order to give a more accurate estimation of porosity change in the reservoir. Figure 6b demonstrate the predicted porosity from a typical sample of the producing reservoir (with an average initial porosity of 23%). The DARS analysis estimates an 11% of compaction in the formation while the porosity of the typical sand reduced from about 23% to 21%.
The relationship between porosity reduction and permeability reduction is summarized in Figure 8 . The upperand lower-bound are computed based on the results from the seven samples used in this study. The results from already published data (noted '+' in Fig. 7 ) are for deep-water turbidites in the Gulf of Mexico 10 . The two limits provide constraints on how porosity reduction is related to permeability reduction. This relationship is then used for predicting the change in permeability in the reservoir as a result of depletion-induced compaction (Figure 8 ). Figure 8 shows the predicted permeability of GOM Field X as a result of production-induced compaction based on the two limiting cases in Figure 7 . The DARS analyses suggested that the change in permeability for Field X due to production-induced compaction is expected to be quite large: from ~225md to ~50-140md.
Conclusions
The DARS formalism provides a straightforward method to assess how a reservoir will deform with depletion and considers both compaction and induced faulting. To perform a DARS analysis, relatively simple laboratory experiments on how the porosity and permeability change with effective confining pressure are needed. Measurements of the changes in the horizontal stress and pore pressure within a reservoir are preferred over utilizing poroelastic theory. The advantage of using empirical stress paths is that assumptions about elastic moduli of the formation are not required. If such information is available, it is possible to predict the amount of compaction that is likely to occur in a depleting reservoir and whether normal faulting is likely to be induced during its producing lifetime.
Nomenclature
A = ratio of the change in horizontal stress to the change in pore pressure through time ∆S h = change in horizontal stress ∆P P = change in pore pressure S Hmax = maximum horizontal stress, MPa S hmin = minimum horizontal stress, MPa S v = vertical stress, MPa P P = pore pressure, MPa µ = coefficient of friction ν = Poisson's ratio α = Biot's coefficient 
Observed Stress Path If depletion continues to occur, the reservoir will deform following stress path 3 and induced normal faulting will continue. However, when A is smaller than 0.67, normal faulting is unlikely to occur. Indeed, the reservoir will become more stable from faulting. Stress path 1 shows such scenario and notice that compaction will still occur as production continues. 
